We combine ambient (air) and ultra-high vacuum (UHV) scanning tunneling microscopy (STM) and spectroscopy (STS) investigations together with density functional theory (DFT) calculations to gain a sub-nanometer insight into the structure and dynamic of two dimensional (2D) surface-supported molecular networks. The planar tetraferrocene-porphyrin molecules employed in this study undergo spontaneous self-assembly via the formation of hydrogen bonded networks at the gold substrate-solution interface. To mimic liquid phase ambient deposition conditions, film formation was accomplished in UHV by electro-spraying a solution of the molecule in chloroform onto an Au(111) substrate, thereby providing access to the full spectroscopic capabilities of STM that can be hardly attained under ambient conditions. We show that molecular assembly on Au (111) is identical in films prepared under the two different conditions, and in good agreement with the theoretical predictions. However, we observe the contrast found for a given STM bias condition to be different in ambient and UHV conditions despite the similarity of the structures and we propose possible origins of the different imaging contrast. This approach could be valuable for the thorough characterization of surface systems which involve large molecules and are prepared mainly in ambient conditions.
Introduction
The understanding and control over the use of non-covalent interactions to create complex supramolecular assemblies is of paramount importance in the development of molecular architectures with increasing functional complexity, and is helping to pave the way for disruptive technologies, e.g. in the field of electronics [1] and sensing [2] . While real devices are expected to operate under ambient conditions, it is known that in-depth fundamental studies of the physical properties of molecular architectures at different length scales are best carried out under ultra-high vacuum (UHV). In this regard, the combination of studies in UHV and air environment can offer very important insights into the optimization and the correlation between structure and function in molecular assemblies. A prerequisite of this comparative study is to design experiments where a given molecule undergoes identical self-assembly under the two different environmental conditions [3] [4] [5] . The majority of UHV preparation techniques are based on the evaporation/sublimation of components/reagents onto atomically flat and clean surfaces. Scanning tunneling microscopy (STM) is typically the technique of choice to study the process of molecular self-assembly on conducting substrates and combines the highest possible spatial resolution with the possibility of local spectroscopic measurements [6, 7] . In contrast to the UHV environment, in ambient conditions most common preparation involves self-assembly from solution. The fundamental differences between the two assembly approaches can often results in different end products, which has in turn motivated the development of the solid/liquid interface scanning tunneling microscopy (S/L STM) [8, 9] as a first step toward emulating the well-established characterization abilities of the same technique in vacuum (UHV-STM) [10] . Molecular assemblies on conductive substrates can now be studied by STM under different environmental conditions, including UHV, atmospheric pressure imaging of dry films or with the tip immersed into a liquid to investigate the solid/liquid interface, and under electrochemical control. The majority of systems studied by the ambient STM are supramolecular networks which in addition to being investigated as templates for guest molecules [11] can also be functionalized in solution prior to self-assembly leading to one-step deposition of organized monolayers with predesigned properties [12] . Numerous environmental STM imaging studies of supramolecular systems have been reported in the literature [13] , yet all still lack the high-quality electronic properties characterization available in UHV scanning tunneling spectroscopy (STS). This deficit is due to the inherent mechanical instability of the approach, bias ranges that are limited by solvent properties, and the inability to perform experiments at the low temperatures required for precise spectroscopic studies. Strategies to overcome these problems rely on in situ electrospray deposition (ESD) [14] or pulse injection deposition [15] of components in solution from ambient to UHV conditions onto clean surfaces and to subsequently characterize the products by UHV-STM. The former method provides better control of the dose and the presence of solvent during deposition provides self-assembly conditions similar to those found in ambient, with the potential to form similar supramolecular assemblies.
The system we consider here comprises of a porphyrin core decorated with ferrocene moieties. Porphyrins have been extensively explored as molecular building blocks for constructing various 2D assemblies because of their unique optoelectronic properties, which make them appealing for numerous applications including photo-catalysis [16, 17] and solar cells [18] . Numerous examples of porphyrin-based architectures on metallic substrates in UHV [19] [20] [21] [22] [23] [24] [25] [26] [27] have been reported. Noteworthy, under ambient conditions porphyrins substituted with alkyl chains, used in order to increase the energy of physisorption, have been reported to form 2D self-assembled architectures on graphite whose structures have been characterized by STM [22] [23] [24] [25] [28] [29] [30] [31] [32] [33] [34] .
The other component of our system, i.e. Ferrocene (Fc), is an organometallic compound possessing extraordinary optical and electronic properties, which makes it a unique building block for variety of applications in materials science including catalysis [35, 36] , sensing [37, 38] , and electronics [39] . Thus, control over the self-assembly of ferrocenecontaining structures is key towards the exploitation of their optoelectronic characteristics. In particular, ordered Fc-containing structures on a solid surface were recently studied by exploiting hydrogen-bonding between carboxylic acid functionalized Fc's, resulting in the formation of 2D quasicrystals [40] . Recently some of us reported on the self-assembly of guanosine-ferrocene dyads at the graphite/solution interface into free metallic quartet motifs and ribbon architectures. In situ STM imaging revealed that ferrocene groups physisorb as a second layer on top of guanosine monolayer structures [41] .
The majority of surface systems containing large molecules are prepared and studied mainly in ambient conditions which significantly restricts the availability of high-precision characterization techniques. Here we report the preparation and investigation of molecular networks composed of tetra-phenyl-porphyrin molecules functionalized in their meso positions with amide substituents comprising ferrocene electroactive units (see the chemical structures in Figure 1a ). These molecular units were assembled into extended 2D networks on Au(111) surfaces so as to yield identical structures under ambient and UHV conditions, and enable a direct comparison of the same network using ambient-STM and UHV-STM. This was possible when using electrospray deposition which ensured that even in vacuum there was sufficient solid-liquid interface during deposition to enable the formation of ordered networks similar to ambient self-assembly. Ambient STM provided detailed insights into the network structure while the cryogenic UHV approach enabled local electronic structure measurements that were directly compared with the corresponding DFT calculations. We observe excellent agreement between the ambient and the UHV experimental STM results from one side and the theoretical modelling of the molecular network from the other, demonstrating that the electrospray technique is a viable approach to reproduce structures formed by solution processing under ambient conditions.
Experimental section

Sample preparation and measurements under ambient conditions:
M1 and M2 (see Figure 1 ) films were prepared by drop casting 100 μL solutions (0.1 mM in CHCl3) onto Au(111); once dried up, the samples were kept in chloroform-saturated atmosphere for 48h at room temperature. The latter solvent vapour annealing (SVA) step in the film preparation was essential to form ordered self-assembled monolayers, by promoting the reorganization of the molecules adsorbed on the surface in the presence of the condensed solvent film. The STM tips were mechanically cut from a Pt/Ir wire (90/10, diameter 0.25 mm).
STM measurements were performed using a Veeco scanning tunneling microscope (multimode Nanoscope III, Veeco).
Sample preparation and measurements under UHV:
M1 and M2 islands were prepared in situ using commercial electrospray deposition (ESD) source (Molecularspray, UK) attached to an UHV system operating at a base pressure < 1x10 -10 mbar. Applying three-step differential pumping it was possible to deposit solvent and molecules from ambient to 10 -6 mbar condition on Au(111) substrate kept at room temperature.
In our vacuum chamber configuration the measured pressure can differ an order of magnitude from that on the sample thus an effective 10 -5 mbar is expected on the surface consistent with the presence of a multilayer solvent film during elecrospraying. The latter insured the solidliquid interface is similar to that in the ambient preparation. The molecules were dissolved in 1:1 Chloroform and Methanol mixture and electrosprayed for 2 min using 1.5 kV and measuring ~10 pA current on the sample. The Au(111) single crystal (Mateck, Germany) was cleaned by cycles of Ar+ sputtering and annealing up to 600K for 3 min.
After preparation the sample was introduced into the UHV-STM (CreaTec, Germany) where it was cooled down to 77K and characterised. dI/dV was measured by lock-in technique applying 10 mV RMS bias modulation.
DFT calculations:
The density-functional theory (DFT) calculations have been carried out using the CP2K [42] [43] [44] [45] [46] [47] [48] [49] . Hereby, the GPW formalism has been used in combination with the optimized MOLOPT basis set and completed by an auxiliary plane-wave (PW) expansion used to augment the electronic charge density for the calculation of the Hartree potential [47, 50] . For the auxiliary basis set a cutoff energy of 550 Ry has been used. For the Hartree-Fock (HF) term an auxiliary density matrix implementation is used as well as an optimized basis set for an accurate HF calculation similar in composition to the polarization consistent (CFIT-3) basis sets derived by
Jensen [51] . Based on the ideas of Spencer and Alavi [52] and subsequently developed in CP2K by Guidon et al. [53] the PBE0-TC-LR functional has been used throughout this work where the PBE0 hybrid functional has been transformed into a short-range functional without higher computational cost [54, 55] . Van der Waals interactions have been included through the standard D3 semi-empirical approximation that offers a suitable and scalable implementation in order to take into account these forces.
Synthesis:
All reactions were carried under anhydrous conditions using standard Schlenk apparatus. Anhydrous solvents were supplied by Aldrich in Sureseal® bottles and were used as received avoiding further purification. Reagents were purchased from Aldrich or TCI and used without further purification unless otherwise stated. Details are provided in supporting information.
Results and discussion
This work involved the study of two tetraferrocene-porphyrin derivatives designated M1 and M2 corresponding to the free base, i.e. the moiety without the metallic centre in the porphyrin core, and its complex with a Zn ion (see Fig. 1a and Experimental section for preparation, synthesis, and characterization). Based on the experimentally observed molecular orientation (see Fig.1b, 1c , and 1e), size of the unit cell, and on DFT calculations (see below) we can conclude that the supramolecular network is stabilized by strong N-H … O hydrogen bonds between secondary amide groups of neighbouring molecules. The DFT modelling also provided insight into the molecule conformation in the normal to the surface direction which is generally poorly resolved in STM. In Figure 2 the total energies of the M1 and M2 complexes are plotted versus the molecule-surface distance for the two stable configurations C1 and C2 (depicted on the right hand side of Fig.2 ). For both derivatives the C1 configuration has the lower adsorption energy (black curves in Fig.2 ) in which the tetra-phenyl-porphyrin part of the molecule is localized closer to the surface and the ferrocenes pointing away from the surface (see schematics in Fig.2 ). The molecular core interacts with the surface to immobilize the moiety and the dominant interaction of the porphyrin over the phenyl is probably part of the reasons for the significant difference in the total energy induced by the addition of the zinc. As was already mentioned the networks demonstrate the same packing in ambient and in vacuum but have different appearance at same tunneling biases (compare Fig.1b and   1c ) in the topographic images obtained by air-and by UHV-STM. To track the evolution of the different behaviour in ambient and vacuum tunneling we performed multiple-bias imaging across the entire range from -3V to +3V sample-bias. The results are presented in Figure 3 where UHV-STM (Fig.3a) and air-STM (Fig.3b) are compared. This standard approach to visualise and identify different parts of the molecule is performed by taking topographic images at various biases so as to include different molecular orbitals in the tunneling-current integral.
In the UHV data in Fig.3a In order to elucidate the origin of the different appearance of the topographic images recorded in air and in vacuum (see Fig.3 ) and to further characterize the molecular 2D-assemblies a detailed comparison was undertaken between molecular density of states (DOS) measured by UHV-STM and simulated by theory. In Figure 4a and 4b the evolution of the calculated partial electron density of states (PDOS) is presented by plotting the DOS localized on the various types of atoms of the molecule in gas phase (Fig.4a ) and upon adsorption (Fig.4b) . The DOS are sums of the projections on the carbon atoms (black curves in Fig.4a, b) and on the iron atoms (red curves in Fig.4a, b) . The PDOS of the gas phase is not changed significantly after the adsorption on Au(111) reflecting a relatively weak interaction with the substrate. To quantify this further, we calculated the electron localization function (ELF) for both complexes and obtained values between 0.4 and 0.5 in the space between the molecule and the surface. These values allowed us to conclude that both molecular complexes are physisorbed onto the Au(111) surface (since the ELF value is close to the homogeneous electron gas) and that the main interaction between the Au (111) surface and the molecules is non-covalent in nature.
In Figure 4c the measured local density of states (LDOS) are presented in blue for M1
and in grey for M2. The dI/dV data are measured in a Z(V)|I mode (feed-back on) and plotted in the bias range below -0.6V and above 0.9V while for the range between these biases the LDOS shown is recovered [56] from dI/dV data measured in an I(V)|Z mode (feed-back off).
The Z(V)|I mode is typically used for large bias ranges in which the scan does not cross the zero bias where the tip could crash into the surface while attempting to keep the tunneling current constant. In this acquisition mode the signal-to-noise ratio is relatively uniform across all biases. The I(V)|Z mode where the distance to the surface is controlled is used for bias ranges including the zero bias. In this latter mode the signal-to-noise is not uniform across the bias sweep but could be optimised for particular surface system [56] .
The adsorbed molecules have their calculated HOMO-LUMO gap reduced from ~3.2 eV in the gas phase to ~2.7 eV as can be observed in the PDOS data in Fig.4a and 4b . The latter compares well with the experimental value of the HOMO-LUMO gap of ~2.3 eV obtained from the dI/dV spectra of the molecules on Au(111) surface displayed in Figure 4c . The molecular band gap change together with the slight changes in the PDOS peak positions from the gas phase are predominantly due to the structural changes of the molecules upon adsorption. These changes in molecular geometry were studied computationally by varying the planar organic-core gas-phase configurations into a non-coplanar arrangement where ferrocene molecules are tilted and torsionally distorted with respect to the phenyl rings (see schematics in Fig.2) . No significant changes in the PDOS spectra were observed due to the presence of the zinc in the M2 complex, consistent with the absence of any direct interaction between the metal atom and the Au substrate.
In contrast to the STM topographic imaging where the measured parameter is the tunneling current I(V) which is an integral of the LDOS from zero to V, dI/dV imaging provides a direct visualization of the LDOS amplitude at a specific energy. Thus the experimental dI/dV images at different biases can be directly compared with the theoretical molecule orbitals for various energies. The latter is demonstrated in Figure 4 where the molecular orbital localization images (panels in colour) on the top, above the graphs can be compared with the differential conductance STS images (grey-scale) on the bottom of the figure. Starting from the filled states at biases around -3V, theory shows orbitals predominantly localized on the carbon atoms that extend away from the ferrocene and including the ferrocenyl units themselves. Thus in the corresponding dI/dV image one can clearly resolve the tetra-phenylporphyrin core of the molecule. In the -2V to -1V range the PDOS in Figure 4b becomes localised on the iron orbitals within the ferrocenyl units (top -2.0V and -1.25V images in Fig.4) and in the corresponding differential conductance STS images in the same bias range the bright features are localized on the ferrocenyl quartets (see also Fig.1c ). In the empty states region at positive sample biases in Figure 4b the PDOS is entirely localized on the carbon atoms with the first peak at around 1.5V localized on the porphyrin (see top image in Fig.4 ). These porphyrin orbitals also dominate the dI/dV image at 1.3V (bottom row in Fig.4) . Around 2.5V the carbon localized PDOS spreads from the porphyrin to the phenyl groups of the molecule which can be also detected in the corresponding STS image, the contribution of the non-phenyl carbons is less obvious experimentally. At around 3V all carbon atoms have comparable contribution to the PDOS thus preventing any structural identification of the molecules both in the model and in the experiment.
Based on the results presented in Figure 4 it is possible to determine that the discrepancy between air and vacuum conditions observed in the topographic images shown in Figure 3 are in an energy window associated with HOMO-LUMO gap of the molecular electronic structure. For this reason the molecular DOS cannot play a role in explaining the differences observed in the ±1V bias range in Figure 3 and so we must look to the remaining parameters entering the tunneling current integral; which are the transmission function, the substrate DOS, and the probe DOS. The tunneling transmission function is defined by the work function of the sample which can vary due to a surface dipole induced by the adsorbed molecules. In the theoretical calculations, this interface dipole can be obtained from the change of the work function compared with the pristine metal by the formula:
where A is the total area of the unit cell, e is the electron charge and ε0 is the dielectric constant in vacuum. Calculations identified the presence of a surface dipole which lowers the work function by 0.5 eV as shown in Figure 5a . A similar reduction of the work function () was observed experimentally when the apparent tunneling barrier-height  was estimated from The significant reduction of the work function (see Fig. 5 ) over the molecules and thus the increase of the tunneling transmission function can account for the molecular contrast manifested in the topographic images in the HOMO-LUMO gap where the tunneling currentintegral does not explicitly involve the molecular DOS. As the transition function is monotonic as it crosses the zero bias it can qualitatively explain the more-or-less constant contrast in topographic images over the entire ±1V bias range (see Fig. 3a ) but cannot account for the polarity dependent changes observed in air (see Fig. 3b ). In this bias range only the Au (111) surface state [57] is present and can be observed as weak feature around the zero bias in the LDOS spectra in Figure 4c . were constructed from STS data like those presented in Fig.4c by measuring the intensity of the gold surface state spectra. The latter were then used to construct the schematic maps in Figure 6b from STS spectra exemplified in the LDOS maps in Figure 6c . The LDOS spectra in Figure 6c were recovered [56] from dI/dV measurements taken across the dotted lines in Figures 6a and 6b for the corresponding molecular complex using the I(V)|Z STS mode (feedback off). Overall there is a good agreement between the theoretical and the experimental patterns of the surface localized density of states due to the molecule adsorption reflecting the presence of the zinc atom in the M2 complex. Although this subtle modulation in the surface state charge density can be observed experimentally, it is not strong enough to be detected in the topographic images in vacuum or air and thus can be excluded as the source of the difference in the topographic image contrast observed between both (see Fig. 3 ).
I(Z) spectra by fitting the I~exp(-Z
Having eliminated effects due to the molecular DOS, and considered the role of surface dipoles and charge push-back in modulating the transmission function, we are left to conclude that some other factor must be responsible for the different image contrast found under UHV and ambient conditions. This agent must have the capacity to modulate the contrast in air at different bias polarities but must have no effect in vacuum conditions. The presence of a dipole that occurs only in ambient conditions which can change orientation when the polarity of the STM bias is changed could account for the contrast inversion in the images in Figure 3b . It is known [58] that water film are always present on surfaces in air and thus in the tunneling gap of the air-STM. The polar water molecules can easily rotate under the applied strong electric field and alter the effective surface dipole thus affecting the tunneling barrier height.
Additionally the water dipole can perturb significantly the local electric potential and shift the molecular orbital energies below or above the tunneling bias in this way involving or excluding them from the current integral and consequently from the topographic image in ambient conditions. In the present case SVA was found to be the only preparation that resulted in the formation of ordered structures on Au(111) surface in ambient conditions. Therefore (without prior thermal annealing) the addition of non-polar solvent for water-free liquid-solid STM would not remove the water molecules from the M1/M2 films as the sample was exposed to air multiple times during preparation. 
Conclusions
In summary, we have visualized with the help of an STM periodic 2D supramolecular networks at the solid/ liquid interface and Au(111) surface. We found that the main interaction between neighbouring molecules consisted on strong N-H … O hydrogen bonds between secondary amide groups, thereby immobilizing the molecules on the conducting surface. This allowed the characterization of the molecular assemblies with scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS) in ambient and in cryogenic UHV environment, respectively. Such STM studies carried out under different environmental conditions revealed identical 2D supramolecules networks. Moreover, no difference in the packing was observed for the two tetraferrocene-porphyrin derivatives one without the metallic centre in the porphyrin core (M1), and the other with a Zn ion (M2). It was demonstrated that in ambient STM the presence of surface water molecules strongly modulate the local tunneling barrier due to bias dependant dipole re-orientation that shifts the molecular orbitals energy position by the variation in the local electric field.
Finally, we found excellent agreement between the experimental and theoretical density of states (DOS) and work function changes of the adsorbed molecules in the 2D
networks. The experimental results presented in this study provided reference solid basis for a comprehensive theoretical study whose predictions in turn added significant information not accessible to the experiment. Thus, more complete description of a system, existing also in ambient conditions, was achieved by air-STM, UHV-STS and DFT calculations. This approach could be valuable for a more complete characterization of surface systems which comprise large molecules and are prepared and studied mainly in ambient conditions.
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